INTRODUCTION
The incidence of Achilles tendon (AT) rupture is around eighteen per 100.000 people and it is more common in men aged 30 to 50 years. [1] Although AT is the strongest tendon, it is most frequently ruptured. [2] [3] [4] Autoimmune conditions, mechanical abnormalities of the foot, corticosteroid therapy, fluoroquinolone antibiotics, and exercise-induced hyperthermia are causative factors for AT ruptures. [5] [6] [7] [8] [9] Ruptured ten-Percutaneous repair of the AT preserves the tendon sheaths and the blood supply around the AT enabling early rehabilitation. [24] [25] [26] [27] However, percutaneous techniques have higher rerupture rates and sural nerve complications. In a meta-analysis; however, open and percutaneous repair have not differed significantly in terms of re-rupture and sural nerve injury. [28] [29] [30] Studies of in vivo histological and biomechanical comparison of open and percutaneous techniques are limited. This study aimed to investigate the healing properties of open and percutaneous techniques in a rabbit model and compare histological, electron microscopic, and biomechanical findings of the healed tendon of both groups.
MATERIALS AND METHODS

Animals
Three-month-old skeletally mature New Zealand white rabbits (n=26, 3.5±0.5 kg, University of Ankara, Animal Laboratory, Ankara, Turkey) were housed in cages and exposed to a diurnal light cycle. Animals were fed regularly with commercially available rabbit food. The right hind legs were used for the study and the left legs were preserved as control group. The temperature was kept between 23° and 25 °C. The Ethics Committee for Experiment on Animals of Hacettepe University in Ankara, Turkey approved all procedures done in this study.
Experimental Design
Twenty-six rabbits were randomly assigned to two groups of thirteen rabbits each. A percutaneous tenotomy of the AT was applied through a stab incision on the right side approximately 1.5 cm above the calcaneal insertion in all animals. Using the same suture technique, the first group was repaired with the open and the second group was repaired with the percutaneous technique. All animals participated in this study were followed by a veterinarian in the pre-operative period. The animals were sacrificed and the ATs were harvested at the end of eight weeks for biomechanical and histological evaluation.
Surgical Procedure
All surgical procedures were performed in a fully-equipped operation theatre inside the animal laboratory unit by the first and the senior authors (GY, MND). The animals were anesthetized after overnight fasting with a combination of Rompun ® (Xylazine, 2 mg/kg, Bayer, Germany) and Ketalar ® (Ketamin HCL, 5
Ulus mg/kg, Pfizer-USA) as a bolus injection. Pental Sodyum ® (Penthotal sodium, 10-15 mg/kg/h. Ibrahim Ethem Ulugay, Istanbul, Turkey) was used for maintenance of the anaesthesia as a continuous intravenous infusion. A single dose of Lespor ® (Cephazoline sodium, 20 mg/kg, Ibrahim Ethem Ulugay, Istanbul, Turkey) was applied to all animals preoperatively. The animals were laid prone and the posterior parts of their legs were shaved. The surgical field was washed with povidone-iodine and subsequently covered with sterile drapes. A percutaneous tenotomy of the AT was applied through a stab incision on the right side approximately 1.5 cm above the calcaneal insertion in all animals (Fig. 1a) . The stab incisions were kept as small as possible in order not to disturb the paratenon. Later, using the same suture technique (Fig. 1b) the first group was repaired with the open and the second group was repaired with the percutaneous technique. In the open group, the tendon ends were exposed after the stab incision was elongated proximally and distally. In the percutaneous group, the repair was achieved with the same suture technique through four (two proximal and two distal) stab incisions manually controlling the apposition of the tendon ends (Figs. 1c, d ). The AT repair was carried out by Vicryl ® (3.0, Polyglactin 910, Ethicon, USA) sutures. Left sided ATs were used as control groups. The operated legs were kept in long leg splints for three weeks with the ankle in 30 degrees of plantar flexion and the animals were left free in their cages. The animals were sacrificed at the end of eight weeks and the ATs were harvested. The harvested tendons, then, underwent biomechanical, histological and electron microscopic examination.
Electron Microscopy Examination
Six tendons from each group were used for histological and electron microscopic examination. Tendon pieces obtained from the healing region (4 mm in length and 2 mm in diameter) were held in 2.5% glutaraldehyde for 24 hours, washed with phosphate buffer, and fixed with osmium tetroxide. Afterwards, 10% formaldehyde was applied to the samples for an hour and the samples were dehydrated in an environment with increasing alcohol concentration. The samples were washed with propylene oxide and were embedded in epoxy resin containing environment. 60 nm thick sections were obtained from the samples and were stained with uranyl acetate and lead on copper plates. [31] These sections were examined under transmission electron microscopy (Joel JEM 1200 EX, Japon) with 20.000 magnification for collagen fibril density. At the beginning of the study, our aim was to measure the collagen fibril diameters with the help of electron microscopy in the control, percutaneous, and the open groups. However, the transverse sections of the tendon samples obtained from the healing regions in the open and percutaneous groups showed significant disorganized patterns of the collagen fibrils, preventing the measurement of the collagen fibrils. 
Light Microscopy Evaluation
Tendon pieces obtained from the healing region (4 mm in length and 2 mm in diameter) were fixed in formalin solution buffered with 10% phosphate, dehydrated using a graded alcohol series, and embedded in paraffin blocks. Sections in 5 μm thickness were obtained and stained with hematoxylin eosin. A standard grading system proposed by Movin et al. [32] was used for histological examination under light microscopy (Zeiss, Carl Zeiss, Oberkochen, Germany). Being a four grade scoring system used to examine tendon structure, 0 represents normal structure; 1 mild deterioration from normal; 2 moderate deterioration; and 3 severe deterioration. Collagen fibril structure, fibril organization, roundness of the cell nucleuses, geographic heterogeneity of cell density, vascularity and collagen staining were examined and scored using this system. Higher scores represent more abnormal tendon structures.
Biomechanical Evaluation
Biomechanical testing was achieved in the Biomechanical Laboratories of the Middle East Technical University. Fourteen dissected ATs were mounted with special clamping jaws on the testing device (Lloyd, LS500, England) on each ends and the pull-out test was applied with a speed of 10 mm/min. [33] The maximum rupture loads needed in Newton (N) were recorded for the control and the study groups.
Statistical Analysis
Statistical analysis was performed with the Statistical Package for the Social Sciences (SPSS) version 12.0. The Student-t and Mann Whitney-U tests were used to investigate differences between the mean force to rupture the tendons and histological scoring. Significance level was p<0.05.
RESULTS
Electron Microscopy
In all transverse sections obtained from the healed region of both groups, the collagen fibrils were noted to have disorganized arrangement. This was thought to be due to immaturity of the healed region where the collagen fibrils were not able to organize in parallel arrangement. When the sections were evaluated in terms of fibril density, it was noted that fibrils were more abundant in percutaneous repair group (Figs. 2a-c) .
Light Microscopy
Examination of the fibril arrangement and structure revealed that the tendons in percutaneous group have more organized fibrillar structure and less waviness which is an indirect sign of tendon maturity. The sections obtained from percutaneous group showed less detachment between parallel collagen bundles (Figs. 2d, e) and it was noted that the bundles were more closely attached to each other. The arrangement of the collagen bundles in the percutaneous group resembled more like the control sections than the open group did. The open group had more polymorphonuclear cells causing a higher score in cell roundness which is an indirect sign of ongoing inflammation and healing. With respect to vascularity, both groups had mild vascularity without a significant difference. Geographic heterogeneity of cell density and collagen staining quality was similar in both groups. Overall, the tendon scores in the percutaneous group was less than the open group indicating closer histological morphology to normal; however, the difference was not significant (Table 1 ) (p=0.065).
Biomechanical Evaluation
The mean force to rupture the tendon in percutaneous group was measured 143.7± 9.5 N (132-159) and 191.1±9.7 N (184-205) for the opposite control sides (Table 2 ). There was a significant difference between the percutaneous and the control groups (p<0.001). The mean force to rupture the tendon in open group was measured 139.2±8.2 N (126-152) and 196.4±8.2 N (185-210) for the opposite control sides. There was a significant difference between the open and the control groups (p<0.001). Although the force needed to rupture the tendons were higher in the percutaneous group than in the open group, the difference was not statistically significant 
DISCUSSION
The open and percutaneous AT repair techniques in a rabbit model were compared for histological, electron microscopical and biomechanical findings for the first time in the present study. The most important findings of the present study were more mature histological tendon structure and presence of more abundant collagen fibrils in the percutaneous group. In addition, when the mean force to rupture the tendons were calculated as the percentage of the control sides, the percutaneous group had better outcomes.
It is well known that as the healing progresses in the rupture area the tendon gets more mature and the histology resembles more like a normal tendon. The parallelism of the collagen fibrils increases; the angulations and the detachments around collagen bundles decreases; vascularity and cellular infiltration by polymorphonuclear and mononuclear cells decreases. [34] With the histological scoring system, it was aimed to identify whether one of the treatment groups would resemble the normal tendon structure more than the other. It was assumed that the healing would take place faster in the percutaneous group since the paratenon and all the vascularity around the tendon was protected. Although there was no statistically significant difference between the groups, the results showed better tendon scores in the percutaneous group.
The mechanical strength of a collagen fibril is related to intramolecular bonding in its triple-helix structure and to its actual diameter. [31] Collagen type III which has a smaller diameter than collagen type II is more abundant in tendons with degeneration and in healing process. [35] Collagen fibril diameter increases as the tendons get more mature with more collagen type II; however, collagen fibrils were noted to have disorganized arrangement due to immaturity of the healing region. With regard to fibrillar density, fibrils were more abundant in the percutaneous repair group. Percutaneous group had more potential to produce fibrils with the paratenon and mesenchymal cells that were preserved and more numbers of collagen fibrils were noted in the healing area. How the collagen fibril abundance would affect the final outcome is unknown.
The healing process around the repair site starts with inflammatory response. Petrou et al. showed that the inflammatory response around the healing region consists mainly of lymphocytes and fewer eosinophils, neutrophils and giant cells causing a heterogeneity in the cell types. Although a direct comparison of our results with this study is impossible due to lack of quantitative data, our results show similar cell heterogeneity both in percutaneous and open groups. [36] In another rabbit study comparing the effect of nicotine and saline on tendon healing, the investigators showed separation, slight waviness and loss of parallel arrangement of collagen fibers in the saline group which is similar to our open repair group. On the other hand, the percutaneous group in our study showed better collagen arrangement and less detachment between collagen bundles. [37] The vascularization was substantially increased in both the saline and nicotine group in the same study, which is a well-accepted healing process similar to our findings in both the percutaneous and open group.
The goals of the treatment in AT ruptures are early return to pre-injury function level, minimization of morbidity, and prevention of complications. Although there are controversies in the treatment of fresh AT ruptures, surgical treatments are recommended in young and middle-aged active patients. [12, 17, 20, 38, 39] Conservative treatments are dispensed due to complications related to skin, high re-rupture rates, tendon elongation and long recovery period. [17] With the non-operative treatment, the tendon ends stay apart and gap forms between the two stumps leading to tendon elongation and muscle weakening. Open technique is associated with lower risk of re-rupture, provides faster rehabilitation and return to pre-injury activity level compared to non-operative treatment. [12] However, it is associated with infection, problems with incision (dehiscence, delayed healing), scar adhesions and longer hospital stay. [23] Percutaneous treatment aimed to reduce complications related to open surgery and lower the re-rupture rates associated with conservative treatment. Percutaneous treatment includes application of internal splint/sutures through the stab incisions around the rupture and protects paratenon and vascularity of the tendon with a theoretical benefit of increased healing potential. The technique is successful in terms of decreasing infection rates, preventing incision related complications and decreasing hospital costs but criticized for having high rates of sural nerve problems and not achieving optimum tendon stump apposition. [40] Percutaneous AT repair technique is minimally invasive and the exposure of the rupture site is unnecessary, having good functional results, less complications (wound-healing, infection), less scarring, and faster recovery than open surgery. [20] Percutaneous technique has been modified in different ways and sural nerve injury has reduced. Majewski et al. [41] have reported no sural nerve injury with the percutaneous repair after exposing the nerve through a small lateral incision. Webb et al. [42] have moved the lateral incisions more towards the midline staying away from the nerve and reported no nerve injury in twenty-seven patients. Doral et al. [20] have reported endoscopy assisted percutaneous suturing of the AT under local anaesthesia in sixty-two patients, 95% of whom returned to their previous sportive activities. They have concluded that the percutaneous technique allows early rehabilitation, provides cosmetic wound appearance and endoscopic control would provide precise apposition of the tendon stumps. These studies show that it is possible to overcome the drawbacks of the percutaneous technique by modifying the original method. In a study using no external support after endoscopy-assisted AT repair and immediate rehabilitation, there has been no significant difference in both ankle muscle strength and lower extremity functional level between the endoscopy-assisted repairs and the unaffected sides. [43] In a meta-analysis of randomized controlled trials comparing conventional open method with minimally invasive/percutaneous approaches for the repair of AT ruptures, no difference was reported in re-ruptures, sural nerve injury, deep infection or adhesions. [30] Superficial wound infection was significantly higher in the open group. Patients were nearly three times more likely to report a good or excellent outcome following minimal invasive/percutaneous repair compared to open surgery. [30] In another meta-analysis, the pooled rate of rerupture for open and percutaneous treatments were 4.3% and 2.1%, respectively. [39] The complication rate (excluding re-ruptures) in the open group was 26.1% versus 8.3% in the percutaneous group. In a randomized prospective study, no difference was reported in isokinetic evaluation of peak torque and total work in plantar and dorsal flexion. [44] The current available data on open and percutaneous treatment of fresh AT ruptures reveal that both techniques have similar clinical and functional results. [43, 44] On the other hand, complications related to surgical site have been reported more commonly in the open procedures. Additionally, the present study showed that percutaneous technique had advantages over open technique as noted in histological scoring, electron microscopic findings and biomechanical testing in an animal model.
There were limitations in the present study. The tendon rupture was not a closed injury. A small stab incision was used to produce a tendon rupture, but the paratenon injury was kept minimum. The tendons used had no pre-existing structural tendon problem; however, in clinical settings, AT ruptures usually occur in tendons with existing degeneration or tendinosis. Therefore, the results may be different in abnormal tendons.
Conclusion
Comparison of percutaneous/mini-invasive and open surgical treatment of fresh AT rupture in an animal model revealed similar results in biomechanical testing. On the other hand, histologic examination showed that percutaneous/mini-invasive methods may be more advantageous in terms of tendon healing and maturation. However, it should be kept in mind that animal studies cannot be extrapolated directly to human beings.
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